Abstract-Enantiomerically pure bicyclic proline derivative was prepared by cis-selective allylation and diastereospecific intramolecular alkylation starting from D-pipecolinic acid. In addition, enantiomerically pure azabicyclo N-oxyls derived from the bicyclic proline worked well as catalyst for enantioselective electrooxidation of racemic sec-alcohols to afford optically active sec-alcohols in moderate optical purity.
Introduction
In the recent past, importance of quaternary α-amino acids and their peptides have continued to increase in the fields of medicinal chemistry, and protein engineering.
1
Since quaternary α-amino acids are non-proteinogenic, their synthesis has attracted considerable attention.
2 Among them, bicyclic proline analogues A bridged at the 2 nd and 5 th carbons of the pyrrolidine ring have unique biological 3 and conformational 4 properties. Therefore, several synthetic methods for their preparation have been developed ( Figure 1 ). 5 However, to the best of our knowledge, synthesis of enantiomerically enriched bicyclic proline A1 with an 8-azabicyclo[3.2.1]octane skeleton has not been accomplished to date. 6 We wish herein to report a convenient method for synthesis of A1 7 starting from D-pipecolinic acid. In addition, chiral N-oxyls derived from A1 were prepared and used for enantioselective electrooxidation of DL-1-phenylethanol. 
Results and discussion

Synthesis of bicyclic proline derivative 6
Our strategy for synthesis of bicyclic proline derivative 6 is shown in scheme 1, which consists of cis-selective allylation and diastereospecific intramolecular alkylation.
To start with, electrochemical methoxylation 9 of D-pipecolinic acid derivative 1 afforded 6-methoxypipecolinate 2, which was allylated with allyltrimethylsilane catalyzed by BF 3 -OEt 2 to give diastereomerically enriched 6-allylated pipecolinate cis-3. 10 After isolation of cis-3 by chromatography, transformation of the 6-allyl group to tosyloxyethyl group was carried out by ozonolysis, then NaBH 4 reduction followed by tosylation to obtain 5 in sufficient high yield. Finally, compound 5 underwent a base catalyzed intramolecular alkylation 5d,11 to afford enantiomerically pure 6 with an 8-azabicyclo[3.2.1]octane skeleton in high yield. Further alkaline hydrolysis of 6 gave N-protected bicyclic proline 7 in quantitative yield. The stereoconfiguration of 6 was determined by X-ray crystallographic analysis after derivatization of 7 to heterotripeptide 8. 12 The transformation was carried out in solution-phase method, employing 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and 1-hydroxybenzotriazole (HOBt) as coupling reagents (Eq. 1).
As shown in Figure 2 , bicyclic proline analogue has the conformational property similar to that of proline, which is β-turn inducer. 
Synthesis of enantiomerically pure N-oxyls 10, 13, and 16a-d
Enantiomerically pure azabicyclo-N-oxyl 10 possessing methoxycarbonyl group at the bridgehead position was synthesized from 6 by deprotection of N-methoxycarbonyl group utilizing Me 3 SiI followed by m-CPBA oxidation (Eq. 2). N-Oxyl 13 was synthesized as follows: reduction of methyl ester group followed by benzoylation of hydroxyl group gave compound 11 in moderate yield. After deprotection of 11, successive oxidation with mCPBA afforded N-oxyl 13 (Eq. 3). Enantioselective oxidation of other sec-alcohols 19 -24 mediated by 16b were examined (Eq. 6). 
Conclusion
We have accomplished a convenient method for synthesis of enantiomerically pure bicyclic proline analogues starting from D-pipecolinic acid. It has similar conformational property to that of proline, which is β-turn inducer. Chiral azabicyclo N-oxyls derived from bicyclic amino acid worked well as catalysts in enantioselective electrooxidation of racemic sec-alcohols to afford optically active sec-alcohols in moderate s value.
Experimental Section
General
Electrochemical reactions were carried out using DC Power Supply (GP 050-2) of Takasago Seisakusho, Inc.
1 H NMR spectra were measured on a Varian Gemini 300 and 400 spectrometer with TMS as an internal standard. 13 C NMR spectra were measured on a Varian Gemini 300 and 400 spectrometer with TMS as an internal standard. IR spectra were obtained on a Shimadzu FTIR-8100A. Mass spectra were obtained on a JEOL JMS-DX 303 instrument.
All reagents and solvents were used as supplied without further purification.
Although we could not determine optical purity for compounds 7, 9, 10, 11, 12, 13, 14a-d, 15a-d and 16a-d, it was assumed that there was no racemization during their derivation from enantiomerically pure 6.
Procedure for synthesis of enantiomerically pure proline analogue
Methyl N-methoxycarbonyl-L-pipecolinate (ent-1) 10 and methyl N-methoxycarbonyl -6-methoxy-L-pipecolinate (ent-2) 10 are known compounds.
Methyl N-methoxycarbonyl-(6S)-allyl-D-pipecolinate (cis-3)
Under nitrogen atmosphere, BF 3 -OEt 2 (4.2 mL, 34.2 mmol) was added dropwise to 2 (7.5 g, 32.6 mmol) and allyltrimethylsilane (9.8 mL, 61.9 mmol) in CH 2 Cl 2 (200 mL) at -78°C then the mixture was stirred for 3 h and allowed to stand until it warmed to -40°C. The resulting mixture was poured into ice water and extracted with CHCl 3 (300 mL x 3). The combined organic layer was dried over anhydrous MgSO 4 and the solvent was removed under reduced pressure. The residue was purified by silica gel column chromatography (n-hexane : AcOEt = 5 : 1; cis-3 was less polar than trans-3) to afford cis-3 as a colorless oil (5.7 g, 72% 
Methyl N-methoxycarbonyl-(6S)-(2-hydroxyethyl)-D-pipecolinate (4)
Ozone gas was bubbled into a solution of 3 (241 mg, 1.0 mmol) in CH 2 Cl 2 (5.0 mL) at -78°C, and the reaction was monitored by TLC. After disappearance of 3, NaBH 4 (304 mg, 8.0 mmol) dissolved in MeOH (1.0 mL) was added dropwise to the mixture and stirred at 50°C for 6 h. The mixture was poured into 3% aqueous HCl and extracted with CHCl 3 (20 mL x 3). The combined organic layer was dried over anhydrous MgSO 4 and the solvent was removed under reduced pressure. The residue was purified by silica gel column chromatography (n-hexane : AcOEt = 1 : 1) to afford 4 as a colorless oil (198 mg, 81% 
Methyl N-methoxycarbonyl-(6S)-[2-(p-tolunesulfonyloxy)ethyl]-D-pipecolinate (5)
p-TsCl (120 mg, 0.63 mmol), Et 3 N (88 μL, 0.63 mmol), and 4-DMAP (13.4 mg, 0.11 mmol) were added into 4 (130 mg, 0.53 mmol) in CH 2 Cl 2 (3.0 mL) and the mixture was stirred for 24 h at room temperature. Upon completion of reaction the mixture was poured into 3% aqueous HCl and extracted with CHCl 3 (10 mL x 3). The combined organic layer was dried over anhydrous MgSO 4 and the solvent was removed under reduced pressure. The residue was purified by silica gel column chromatography 144.6, 133.0, 129.8, 128.0, 68.4, 53.0, 52.3, 47.6, 32.0, 28.5, 25.9, 21.6, 15.7; [ 
Methyl (1R)-N-methoxycarbonyl-8-azabicyclo[3.2.1]octane-1-carboxylate (6)
Under nitrogen atmosphere, 1.9 M NaHMDS (2.5 mL, 4.7 mmol) in n-hexane was added dropwise to 5 (1.56 g, 3.9 mmol) in THF (40 mL) at -78°C, then the mixture was stirred at -78°C for 12 h and allowed to stand until it warmed to room temperature. The mixture was then poured into saturated aqueous NH 4 Cl and extracted with AcOEt (40 mL x 3). The combined organic layer was dried over anhydrous MgSO 4 and the solvent was removed under reduced pressure. The residue was purified by silica gel column chromatography (n-hexane : AcOEt = 5 : 1) to afford 6 as a colorless oil (761 mg, 86% 
(1R)-N-Methoxycarbonyl-8-azabicyclo[3.2.1]octane-1-carboxylic acid (7)
1M aqueous NaOH (5.0 mL) was added to the stirred solution of 6 (318 mg, 1.4 mmol) in MeOH (5.0 mL), and the solution continued to be stirred at 60°C for 48 h. The solution was then neutralized with 3% aqueous HCl, and then MeOH was evaporated.
The residue was diluted with brine, extracted with AcOEt (20 mL x 3), and dried over 
Methyl N-[(1R)-N-methoxycarbonyl-8-azabicyclo[3.2.1]octane-1-carbonyl]dimethylglycyl-dim etylglycinate (8)
A solution of 7 (213 mg, 1.0 mmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC, 230 mg, 1.2 mmol), and 1-hydroxybenzotriazole (HOBt, 162 mg, 1.2 mmol) in MeCN (5 mL) was stirred at room temperature for 30 min. Then, a solution of H 2 N-(Aib) 2 -OMe (202 mg, 1.0 mmol) in MeCN (5 mL) was added to the stirred solution and stirring continued at 60°C for 48 h. The solution was evaporated, diluted with AcOEt (50 mL), washed with 3% aqueous HCl, 5% NaHCO 3 , brine, and dried over anhydrous MgSO 4 . Evaporation of the solvent gave white solid, which was purified by column chromatography on silica gel (n-hexane : AcOEt = 1 : 5) to afford 8 (310 mg, 78%) 
Preparation of chiral azabicyclo N-oxyls
Methyl (1R)-8-azabicyclo[3.2.1]octane-1-carboxylate (9)
Me 3 SiI (213 μL, 1.5 mmol) was added to stirred solution of 6 (114 mg, 0.5 mmol) in CH 2 Cl 2 (2.0 mL), and the solution was stirred at rt for 12 h. The solution was then poured into saturated aqueous NaHCO 3 and extracted with CHCl 3 (20 mL x 3). The combined organic layer was dried over anhydrous MgSO 4 and solvent was removed under reduced pressure to afford 9 as a colorless oil, which was used for next reaction without further purification. [ 
Methyl (1R)-8-azabicyclo[3.2.1]octane-1-carboxylate-N-oxyl (10)
A solution of amine 9 (34 mg, 0.2 mmol) and m-CPBA (52 mg, 0.3 mmol) in CH 2 Cl 2 (1.0 mL) was stirred for 3 h at rt. The solution was then poured into saturated aqueous NaHCO 3 and extracted with CHCl 3 (10 mL x 3). The combined organic layer was dried over anhydrous MgSO 4 and solvent was removed under reduced pressure. 
(1R)-N-Methoxycarbonyl-1-benzoyloxymethyl-8-azabicyclo[3.2.1]octane (11)
Under an argon atmosphere, 1M DIBAL-H (3.0 mL, 3.0 mmol) in n-hexane was added dropwise to a solution of 6 (227 mg, 1.0 mmol) in toluene (5 mL) at 0 o C. The resulting mixture was stirred for 12 h and allowed to stand until it warmed to room temperature. The solution was then poured into 3% aqueous HCl and extracted with AcOEt (20 mL x 3). The combined organic layer was dried over anhydrous MgSO 4 and the solvent was removed under reduced pressure. The residue was purified by silica gel column chromatography (n-hexane : AcOEt = 3 : 1) to afford 166.3, 154.9, 132.9, 130.3, 129.6, 128.3, 68.9, 64.1, 57.5, 52.1, 33.0, 32.3, 30.1, 25.7, 17.6 
(1R)-Benzoyloxymethyl-8-azabicyclo[3.2.1]octane (12)
Compound 12 was prepared in a similar method to that described for the preparation of 9 (0.5 mmol scale 
(1R)-Benzoyloxymethyl-8-azabicyclo[3.2.1]octane-N-oxyl (13)
Compound 13 
(1R)-N-Methoxycarbonyl-1-N-phenylcarbamoyl-8-azabicyclo[3.2.1]octane (14a)
A solution of aniline (109 μL, 1.2 mmol), 7 (213 mg, 1.0 mmol), EDC (230 mg, 1.2 mmol), and HOBt (162 mg, 1.2 mmol) in MeCN (10 mL) was stirred at 60°C for 24 h, and then volatiles evaporated. The residue was diluted with AcOEt, washed with cold 3% aqueous HCl, 5% aqueous NaHCO 3 , and dried over anhydrous MgSO 4 . After removal of solvent, the residue was purified by column chromatography on silica gel 
(1R)-N-Methoxycarbonyl-1-N-benzylcarbamoyl-8-azabicyclo[3.2.1]octane (14b)
Compound 14b was prepared in a similar method to that described for the preparation of 14a ( 155.9, 138.5, 129.4, 128.5, 128.0, 127.3, 100.5, 66.4, 58.2, 52.4, 43.5, 36.3, 28.9, 26.8, 17.0; 
Compound 14c was prepared in a similar method to that described for the preparation of 14a (1.6 mmol scale 172.5, 171.3, 155.9, 128.9, 128.8, 128.3, 127.5, 127.1, 66.3, 58.3, 58.2, 56.1, 52.7, 52.3, 36.1, 28.8, 26.8, 17.0 
4.3.9.
Methyl N- [(1R)-N-methoxycarbonyl-8-azabicyclo[3.2.1] 
octane-1-carbonyl]-D-phenylglycinate (14d)
Compound 14d was prepared in a similar method to that described for the preparation of 14a (1.6 mmol scale 172.5, 171.5, 155.9, 128.9, 128.8, 128.5, 127.5, 127.1, 66.2, 58.4, 58.1, 56.1, 52.6, 52.3, 36.3, 28.8, 26.8, 16.9 
octane (15a)
Compound 15a was prepared in a similar method to that described for the preparation of 9 (0.5 mmol scale 
octane (15b)
Compound 15b was prepared in a similar method to that described for the preparation of 9 (0.8 mmol scale 
.1]octane-1-carbonyl]-L-phenylglycinate (15c)
Compound 15c was prepared in a similar method to that described for the preparation of 9 (1.2 mmol scale 
(1R)-N-Phenylcarbamoyl-8-azabicyclo[3.2.1]octane-N-oxyl (16a)
Compound 16a was prepared in a similar method to that described for the preparation of 10 (0.2 mmol scale 
(1R)-N-Benzylcarbamoyl-8-azabicyclo[3.2.1]octane-N-oxyl (16b)
Compound 16b was prepared in a similar method to that described for the preparation of 10 (0.6 mmol scale 
Methyl N-[(1R)-8-azabicyclo[3.2.1]octane-1-carbonyl]-L-phenylglycinate-N-oxyl (16c)
Compound 16c was prepared in a similar method to that described for the preparation of 10 (1.1 mmol scale Anodic oxidation of DL-1-phenylethanol (DL-17) was carried out using platinum electrodes (1 cm x 2 cm) in an undivided beaker-type cell. (61 mg, 0.5 mmol), 10 (9.2 mg, 0.05 mmol) and NaBr (206 mg, 2.0 mmol) were added into a mixture of CH 2 Cl 2 (2.5 mL) and saturated aqueous NaHCO 3 (2.5 mL). After passing through 1.5 F/mol of electricity at constant current (20 mA) at 0°C, the mixture was poured into water and extracted with AcOEt (20 mL x 3). The combined organic layer was dried over anhydrous MgSO 4 and the solvent was removed under reduced pressure. 
